Using the 40-yr European Centre for Medium-Range Weather Forecasts Re-Analysis (ERA-40), vorticity maxima (VM) have been manually tracked and classified as developing and nondeveloping. The VM are identified on Hovmöller plots for June-October 1998-2001, within 0°-35°N, 140°-10°W. Over 600 low-level and midlevel VM are tracked. The ERA-40 VM track climatology compares favorably with previous knowledge about easterly waves. Some new results have also been found. The VM are not equivalent to easterly waves, so it is important to distinguish between the large-scale wave and the embedded VM. Unlike waves, individual VM leaving Africa generally do not survive to cross the entire Atlantic. Unlike waves, which can cross Central America, most individual east Pacific VM originate in the east Pacific. Genesis productivity is defined as the fraction of nontropical cyclone VM that eventually develop. It reaches 50% in the eastern North Pacific (EPAC) and 30% in the Atlantic, where there is geographical separation between the locations of maximum nondeveloping and pregenesis track density. There is a strong gradient in daily genesis potential (DGP) near 10°N, associated with weaker upper-level anticyclonic vorticity equatorward of 10°N. The maximum genesis productivity is obtained north of 10°N, where the upper-anticyclonic vorticity and DGP are higher. Finally, there is no obvious distinction in VM strength between developing VM prior to genesis and nondeveloping VM. A major factor is the minimum vorticity threshold for VM as opposed to cloud clusters.
Introduction a. Easterly waves and tropical cyclogenesis
was among the first to recognize the connection between Atlantic tropical cyclones and weak, westward-moving, wavelike surface pressure disturbances. Riehl (1945 Riehl ( , 1954 described the structure of these wavelike disturbances in the Caribbean region. These waves are often referred to as "classical" easterly waves. Using data from the Global Atmospheric Research Program (GARP) Atlantic Tropical Experiment (GATE), Reed et al. (1977) documented the composite structure of eight easterly waves over western Africa and the eastern Atlantic. The mean wavelength of these African easterly waves (AEWs) is 2500 km, and they have a mean period of 3.5 days. Their composite thermal structure is cold core below 650 hPa, which is the level of the African easterly jet (AEJ). The primary energy source is the instability associated with the AEJ.
Many studies have noted two distinct preferred tracks of vorticity centers associated with easterly waves: north and south of the AEJ. In the pre-GATE studies of Carlson (1969) and Burpee (1974) a northern (18°-20°N) "vortex center" is noted distinct from the southern (9°-11°N) center. Using GATE data, Reed et al. (1977) also found a distinct northern (17°N) vortex in the composite wave. Two preferred tracks have also been found in objective analyses and reanalyses (Nitta and Takayabu 1985; Reed et al. 1988a,b; Fink et al. 2004; Chen 2006 ). An ongoing debate has been whether the northern and southern preferred track disturbances are independent (Nitta and Takayabu 1985; Pytharoulis and Thorncroft 1999) .
Field observations have shown that synoptic waves also occur in the eastern North Pacific (EPAC). Soundings taken during the Tropical Eastern Pacific Process Study (TEPPS; 125°W) have revealed strong 3-6-day variability in the meridional winds and relative humidity (Serra and Houze 2002) . The East Pacific Investigation of Cloud Processes in the Coupled OceanAtmosphere System (EPIC-2001) field campaign has also yielded observational evidence for easterly waves at 95°W during September 2001 (Peterson et al. 2003) . Zehnder (1991) , Zehnder and Raymond (2002) , and Zehnder et al. (1999) argue that when an easterly wave interacts with the Sierra Madre in Mexico and the mountains of Central America, vorticity is enhanced in the lee of the terrain.
Easterly waves can play the role of the preexisting disturbance required for tropical cyclogenesis (Gray 1968) . Over half of Atlantic tropical cyclones-and over 80% of the Atlantic major hurricanes-originate from the AEWs (Landsea 1993) . Furthermore, easterly waves crossing from the Caribbean via Central America are believed to be the precursors of almost all EPAC tropical cyclones (Frank and Clark 1980; Avila and Pasch 1992) . Much effort has gone into documenting the differences between the waves and disturbances that spawn tropical cyclones and the majority of waves and disturbances that do not. In particular, differences in the large-scale environments of developing and nondeveloping cloud clusters have been documented using island soundings (McBride and Zehr 1981) , operational analysis (Perrone and Lowe 1986) , and reanalysis (Hennon and Hobgood 2003) . In the latter two studies, objective statistical forecast methodologies have been developed using discriminant analysis. Infrared satellite information is used along with the large-scale parameters in the operational cyclogenesis forecasting system at the Cooperative Institute for Research in the Atmosphere (DeMaria et al. 2004) . This is done with fixed boxes and not following individual disturbances. This paper, Part 1 of 2, describes the method of tracking disturbances as vorticity maxima (VM) using the 40-yr European Centre for Medium-Range Weather Forecasts (ECMWF) Re-Analysis (ERA-40). Developing and nondeveloping disturbances are distinguished. It also presents differences in track climatology and vertical vorticity structure between the developing and nondeveloping disturbances. We compare the basinwide track climatology with previous studies as well as elicit some new findings. In Part II (Kerns and Zipser 2008, manuscript submitted to Mon. Wea. Rev.) , further discrimination between the developing and nondeveloping disturbances within more focused subregions is demonstrated.
b. Tracking tropical disturbances
Personnel at the National Hurricane Center [NHC, part of the National Oceanic and Atmospheric Administration's (NOAA) Tropical Prediction Center (TPC)] operationally track disturbances across the Atlantic each year. They have published annual censuses spanning 1967-79 (Simpson et al. 1968 (Simpson et al. , 1969 Frank and Clark 1980 ) and continue to publish annual hurricane season reports (e.g., Avila and Pasch 1992; Pasch et al. 2001; Franklin et al. 2001; Beven et al. 2003) .
The primary tracking method used by the NHC is to look for wind shifts at radiosonde sites and associate the wind shifts with cloud clusters. The cloud clusters can be tracked in satellite Hovmöller plots (Simpson et al. 1968 (Simpson et al. , 1969 Pasch et al. 1998; Avila et al. 2000) . At times it is necessary to extrapolate the wave positions based on past propagation speed. Longitude-time Hovmöller plots of meridional wind from model initializations may be used on a supplemental basis (Pasch et al. 1998 ).
When tracking disturbances over Central America and into the east Pacific the last available sounding site is San Andres (12.58°N, 81.69°W) in the southwest Caribbean. The strong diurnal cycle of convection over and near Central America can make it difficult to track coherent cloud clusters across the landmass. In general, waves have to be extrapolated across Central America using the wave speed observed in the Caribbean. If convection increases over the east Pacific at a place and time consistent with the extrapolated wave motion, the extrapolated wave is assumed to be responsible (Frank 1972) . Weak waves also need to be extrapolated across the central Atlantic (40°-60°W). The distance from the nearest upstream sounding in that case (Dakar, Senegal, at 14.73°N, 17.5°W) is much greater than for waves crossing Central America.
The studies of McBride (1981) , McBride and Zehr (1981) , Lee (1989a,b) , Zehr (1992) , Perrone and Lowe (1986) , and Hennon and Hobgood (2003) have used cloud clusters alone to track tropical disturbances. They have documented significant differences in the largescale environment of developing and nondeveloping disturbances. An advantage of the cloud-clustertracking approach is that geostationary satellite data are almost always available at frequent intervals. However, tropical waves and cloud clusters do not correspond one-to-one. This concern has recently been ex-pressed, for example, by Thorncroft and Hodges (2001) in the context of the interannual variability of wave frequency and strength.
An alternative approach for tracking tropical disturbances, and the approach used here, is to rely on largescale analysis or reanalysis to realistically capture the systems' track climatology and statistical characteristics. The ECMWF operational data assimilation system of 1985 has been shown to realistically depict African easterly waves (Reed et al. 1988a ). Diedhiou et al. (1999) use both the National Centers for Environmental Protection-National Center for Atmospheric Research (NCEP-NCAR) reanalysis and first-generation 15-yr ECMWF Re-Analysis to conduct a spectral and case study analysis of easterly waves. They note a 5-9-day wave mode in both products in addition to the traditional 3-5-day mode. The second-generation reanalysis, ERA-40 (Uppala and Coauthors 2005) , is superior to the operational 1985 system and the firstgeneration reanalysis. It employs the improved 3D variational assimilation method used operationally at ECMWF during 1996-97, and the model is run at T159 resolution, compared with the T106 resolution used operationally in 1985 and in the ECMWF first-generation reanalysis.
Several studies relying on objective analysis or reanalysis have used manual tracking methods. Reed et al. (1988a) rely primarily on 850-hPa relative vorticity, but consult 700-hPa streamlines and geostationary satellite data when the 850-hPa vorticity tracks are ambiguous. There are often multiple vortex centers making the selection of a wave center based on vorticity alone ambiguous. This multiple vorticity center depiction of easterly waves has also been noted in the Met Office (UKMO) analysis by Pytharoulis and Thorncroft (1999) . A more recent study using ERA-40 to study AEWs using manual tracking during the GATE period has been conducted by Fink et al. (2004) . Chen (2006) uses a similar tracking methodology with ERA-40 for June-September 1991-2000. The wave genesis mechanisms, extent of vertical development, and the role of the AEJ are different along each preferred track.
In addition to the studies employing manual-tracking methods, Hodges (1995 Hodges ( , 1999 and Thorncroft and Hodges (2001) use a fully automated "adaptive" feature-tracking method using a cost function to match features from one time step to the next. Thorncroft and Hodges (2001) have generated 20 yr of 925-and 600-hPa tracks using this method. Because manual tracking is time intensive, the automated-tracking method allows a much larger sample size of tracks to be used. Nevertheless, for the 4 yr of this study (1998) (1999) (2000) (2001) , the time involved in the manual tracking is reasonable.
c. Objectives
Unlike most previous studies involving VM tracking, this paper distinguishes between developing and nondeveloping VM. Also, the low-level and midlevel VM are tracked separately, giving independent low-level and midlevel tracks. This is in contrast to many studies that have focused on a single level.
This paper explores the following science questions:
• The remainder of this paper is organized as follows. Section 2 presents the method of tracking. Some tracking examples are presented in section 3. In section 4 position errors and detection rate are discussed. The tracks and track densities of developing and nondeveloping disturbances are given in section 5. In section 6 the differences in the vertical vorticity structure of developing and nondeveloping VM are contrasted. Summary and conclusions are given in sections 7 and 8.
Data and methods

a. Data
ERA-40 (Uppala and Coauthors 2005) data are used for tracking and analyzing the vertical vorticity structure. ERA-40 is run at T159 resolution, and relative vorticity is one of the model-predicted variables. The analysis output is 6-hourly (e.g., 0000, 0600, 1200, and 1800 UTC). The relative vorticity has been extracted on a 1.125°regular grid (without any spectral truncation) and interpolated from the native hybrid vertical coordinates to the standard pressure levels (e.g., 1000, 925, and 850 hPa).
The ERA-40 data are available from September 1957 to August 2002. For this study, data from the last four full years (1998) (1999) (2000) (2001) are used. Results are presented for June-October although data in May and November are also needed because the time filter (see section 2b) requires extra data at the beginning and end of each year's time series. The study region is 0°-35°N and 10°-140°W, including the Atlantic and EPAC basins. The relative vorticity data have been averaged vertically to
obtain low-level (925-850 hPa) and midlevel (700-600 hPa) relative vorticity. The ERA-40-derived winds at the standard 2.5°reso-lution are useful for relating the VM to larger-scale tropical waves. The winds have been vertically averaged to obtain low-level (925-850 hPa) and midlevel (700-600 hPa) mean winds.
The NHC best-track data and advisory archives are used to match both the VM and the waves with the tropical cyclones documented by the NHC. Greene (2006) describes the tracking methodology in detail, and a summary is given here. The layer mean relative vorticity data have been subjected to a Lanczos bandpass time filter (Duchon 1979) with 221 weights and cutoff periods of 2.5 and 10 days (Fig. 1) . The motivation behind the time filtering is to isolate the phenomena of interest, which include easterly waves, intertropical convergence zone (ITCZ) disturbances, and upper-level trough reflections. Variability with time scales shorter than 2.5 days is considered to be noise, and stationary features that persist longer than 10 days are also filtered out. The specific number of weights is arbitrary and has been chosen to make the response function reasonably sharp ( Fig. 1) , while minimizing data loss at the beginning and end of the time series. Based on experiments with several different filters, the tracking method does not seem to be sensitive to the number of weights.
b. Tracking method
After time filtering, the data are still noisy with strong bull's-eye vorticity features. (The bull's-eye features also appear in the raw vorticity data as 1-2 gridpoint-wide maxima with relative vorticity often above 10 Ϫ4 s
Ϫ1
.) Gaussian smoothing has been done to make tracking feasible and to minimize the effect of the bull's-eye features. The weights in the Gaussian smoothing kernel have a standard deviation of two grid points, and the kernel extends out to six grid points (Fig. 2) . Gaussian smoothing is achieved by taking a weighted spatial average with Gaussian-distributed weights. A total of 87% of the weighting is within a radius of twice the standard deviation (4.5°), with the largest weighting toward the center grid point. Gaussian smoothing attenuates the smaller spatial scales more than the larger spatial scales, and there is much less projection of the smaller scales onto the larger scales compared with a simple, unweighted spatial average. Gaussian smoothing is used extensively in image processing, especially to remove noise that has a Gaussian distribution (Gonzales and Woods 1992) .
Using Hovmöller plots of filtered-smoothed relative vorticity (e.g., Fig. 3 ), VM with coherent, long-lived tracks can be easily identified. This is analogous to the operational NHC tropical wave-tracking method using satellite Hovmöller plots. To be included in this study, VM must persist for at least 48 h, move westward dur- ing some part of their lifetime, and have filteredsmoothed relative vorticity of at least 5 ϫ 10 Ϫ6 s
. The persistence and threshold vorticity requirements are identical to those used by Thorncroft and Hodges (2001) . The tropical cyclone coordinates are also marked on the Hovmöller plots, so that the VM corresponding with each named tropical cyclone or tropical depression could be readily identified.
The minimum vorticity threshold of 5 ϫ 10 Ϫ6 s Ϫ1 is equivalent to having an azimuthal mean wind of 1 m s Ϫ1 at a radius of 400 km (ϳ4 grid points), roughly the scale of the Gaussian smoothing function. For smaller features, the wind requirement is even smaller. Thus, the minimum threshold is not a stringent one.
Once identified, the VM are tracked manually. Tracking stops when the disturbance vorticity falls below 5 ϫ 10 Ϫ6 s Ϫ1 or when the VM moves out of the region of study. Also, VM have not been tracked over South America. Low-level and midlevel VM are tracked independently using the low-level and midlevel filtered-smoothed vorticity.
c. Classification
Developing VM are associated with named storms in the best track. The association has been made by inspecting the Hovmöller plots. The developing VM are further classified as developing pre-VM prior to cyclo- . The ϫ indicates the location of a storm in the best track and the plus symbols are the coordinates of the manually tracked VM. The dates are indicated on the left and maps are included on the top and bottom for geographic reference.
genesis (first entry in best track) and developing post-VM after and including the time of cyclogenesis. Nondeveloping VM are neither associated with named storms in the best track nor with unnamed tropical depressions in the NHC advisory archives. The unnamed depressions are excluded from this study.
d. Calculating track density
The track density is defined as the total number of tracks for June-October 1998-2001 passing through each 2.5°by 2.5°box. The VM coordinates can be in between the ERA-40 grid points, so it is not necessary to use a multiple of the ERA-40 gridpoint spacing to define the box size.
e. Daily genesis potential
Based on thermal wind balance, the difference between vorticity at the bottom and top of a layer can be used as a proxy for the strength (vertically averaged) of the warm core in the layer. The daily genesis potential (DGP) was originally defined by McBride and Zehr (1981) as an indicator of how likely a cloud cluster is to develop into a tropical cyclone. It is defined as DGP ϭ VO 925 Ϫ VO 200 , where VO 925 (VO 200 ) is the relative vorticity at 925 hPa (200 hPa). To calculate DGP, the raw (unfiltered, unsmoothed) relative vorticity data at each level are averaged out to a 6°radius before the vertical difference is taken. Here the DGP is used as an indication of the tropospheric-mean thermal vorticity structure.
Tracking example a. Overview
Figures 3 and 4 show the westward progression of features at a speed of 4°-10°longitude day Ϫ1 during 22 August-5 September 1998, a period typical of the climatological peak of the hurricane season. The VM occur throughout the 5°-25°latitude range of the Hovmöller plots (Fig. 3) . Tropical cyclones (labeled) can readily be tracked back as VM for several days. Nondeveloping VM tend to move west throughout their lifetimes and have shorter tracks.
In Fig. 4 , the wave axes are to the right of the lightshaded patches ( Ͻ Ϫ1.0 m s
Ϫ1
) and to the left of the darker-shaded patches ( Ͼ 1.0 m s Ϫ1 ). Waves are generally easy to identify and track though they are less coherent in the Caribbean and over Central America. Wave axes generally tilt eastward with increasing latitude and have significant latitudinal extent (Fig. 4) .
b. Waves with multiple VM
The VM are on a smaller spatial scale than the waves (Figs. 3 and 4) . Reed et al. (1988a) have noted that a major obstacle to obtaining smooth, coherent tracks is that there are often multiple VM for a single wave. Two cases of nondeveloping African waves with multiple VM can be seen during the example period and are discussed below.
On 27 August Fig. 3 shows a zonally elongated vorticity feature at 40°-20°W with two embedded VM. The VM are both associated with a single African wave near 25°W. The wave left Africa on 26 August (Fig. 4) . By 29 August, the western VM becomes dominant and continues westward while the eastern VM dissipates (Fig. 3) .
The next wave leaves Africa on 31 August and reaches 50°W on 5 September (Fig. 4) . There is a complicated mix of multiple VM associated with this wave (Fig. 3) . In this case, there are VM in both the northern and southern preferred tracks for a single wave.
These nondeveloping cases illustrate that the VM form and dissipate every few days while the wave continues westward. Waves may be related to multiple VM when the vorticity field becomes stretched (first case) or when the wave has large meridional extent with a northern and southern VM (second case). The multiple VM occur concurrently, are separated by 10°-15°, and are generally well above the minimum vorticity threshold.
Detection and location errors a. Wave and VM detection in ERA-40
To compare the timing of easterly waves in the ERA-40 with the timing of waves tracked operationally at the NHC, Hovmöller plots of the 925-850-hPa layer mean and 700-600-hPa layer mean meridional winds have been prepared for the entire study period (e.g., Fig. 4) . A wave is identified as a contiguous, nearly northsouth, axis where the meridional winds to the west (east) are northerly (southerly). For this purpose, the ERA-40 winds have been time filtered, like the relative vorticity, but not spatially smoothed. As found in previous studies, most ERA-40 waves are more coherent at 700-600 than at 925-850 hPa. (A more sophisticated objective wave tracking method has been recently described by Berry and Thorncroft 2007) .
For the named storms in the NHC best track with tropical wave origins, an attempt has been made to track the wave associated with each storm back to the time and location it is first identified by the NHC in their annual hurricane season summaries. For Atlantic storms, the waves are first identified in the NHC summaries at the African coast, except for five storms: Frances (1998), Arlene (1999 ), Emily (1999 ), Ernesto (2000 , and Joyce (2000). For the EPAC storms, the day that the wave crosses Central America in the ERA-40 has also been compared with the corresponding day in the EPAC hurricane season summaries. (If the summary gives a date for a location in EPAC other than the Central America coast, such as "south of Acapulco," that date and location are compared.) The ERA-40 wave is considered to be the same as the NHC wave as long as it is found at the relevant location within 1 day of the date given in the seasonal summary. In some cases a wave could be tracked back to Central America and/or Africa, but it is not the same wave identified by the NHC; these cases are recorded as "mismatch" to distinguish from "miss" cases, in which no wave could be tracked back at all. Considering that the tracking methodology is different than that used operationally at the NHC, the results are encouraging for the Atlantic. However, there are more significant discrepancies for the EPAC storms, especially for tracking the waves back to Africa (Table 1) . At any rate, most of the storms' waves can be readily tracked back for several days, even if they are not the same waves identified by the NHC ϳl-2 weeks prior to genesis.
In an effort to compare the nondeveloping waves against observations, qualitative comparisons have been made between the low-level ERA-40 winds and the composite daily winds from the Quick Scatterometer (QuikSCAT). The Quikscat winds were not assimilated into the ERA-40. This comparison has been done In this study, 100% (96%) of the Atlantic (EPAC) tropical cyclones can be tracked as VM. However, there are numerous nondeveloping VM with similar strength and size as the developing VM. Therefore, if a VM strength threshold were to be used to distinguish between developing and nondeveloping VM, the probability of detection would be low and/or the false alarm rate high (e.g., Bengtsson et al. 1995 Bengtsson et al. , 2007 .
While the above analysis gives some credibility to the reality of the large-scale waves and developing VM in ERA-40, there are no observations that can confirm whether the nondeveloping VM correspond with reality. There are not enough independent observations to resolve the vorticity structure of the easterly waves in a consistent manner for many cases. Comparisons could be done with other analyses (Hodges et al. 2003) 
b. Location errors
The VM location errors are due to the mislocation of the VM in the ERA-40, the 1.125°resolution of the ERA-40, and human tracking errors. The best-track tropical cyclone positions provide independent data that can be used to estimate the position errors for the developing post-VM. For each low-level developing VM with a corresponding best-track entry, the relative position of the VM center relative to the best-track center has been calculated. For example, a coordinate of (0, 1) would mean that the VM center is 1°due north of the corresponding best-track center. The relative coordinates are presented in scatterplots, stratified by intensity and separated by basin, in Fig. 5 .
For the Atlantic, the best-track coordinates are generally within two grid points (2.250°) of the developing VM centers for all intensity levels (Figs. 5a-c) . For EPAC, however, the errors are larger (Figs. 5d-f ). There is considerable southeast bias in the locations of the developing VM relative to the best-track centers for storms with categories 1-3 and 4-5 intensities in EPAC (Figs. 5e,f) .
The disparity in location error between the basins is further illustrated in Table 2 , where statistics are also shown for the midlevel VM with corresponding besttrack entries. In the Atlantic, there is a strong positive relationship between accuracy and system strength; the percentage of system centers within both 1.125°and 2.250°of the best track increases with intensity for both low-and midlevel tracks. In EPAC, the percentage of VM within one grid point (1.125°) and within two grid points (2.250°) of the best-track centers does not increase with intensity, for both low-and midlevel developing tracks. The reasons behind the disparity in position errors are not known and beyond the scope of this study, but we do note that operational reconnaissance is available for tropical cyclones in the western Atlantic but generally not in EPAC. Table 3 gives the total number of tracks obtained for June-October 1998 . The tracks are shown in Fig.  6 . The developing tracks in Figs. 6b,d include the period before cyclogenesis, the period in which the storm is in the best-track database, and the decaying period after- ward. Many developing VM recurve and continue outside the region of study. For reference, the GATE outer ship array and the approximate study region of Riehl (1945 Riehl ( , 1954 are marked on the maps. At 925-850 hPa, the strongest nondeveloping VM are just off the African coast, in the Gulf of Mexico, along 8°-12°N in the central and east Atlantic (including the GATE area), and along 8°-15°N in EPAC (Fig.  6a) . The other areas-including Riehl's study area-are characterized by much weaker low-level VM. The lowlevel developing VM appear generally stronger than the low-level nondeveloping VM, especially north of 20°N and west of 105°W, where many of them are mature hurricanes (Figs. 6a,b) .
Track climatology a. VM tracks and strength
For the 700-600-hPa VM, relatively strong VM occur everywhere except for the southern half of the Caribbean. For the subtropical central Atlantic and the Riehl study region, there are stronger midlevel VM than strong low-level VM. In contrast, for the GATE region and the EPAC no difference in VM strength can be readily discerned from Figs. 6a,c. Midlevel nondeveloping VM tracks are less disrupted by the terrain of Central America and Mexico than low-level nondeveloping tracks. There is a clear minimum of low-level nondeveloping VM tracking over Central America and Mexico (Fig. 6a) . However, there are many more midlevel nondeveloping tracks crossing Central America and Mexico than low-level nondeveloping tracks (Fig. 6c) . Unlike for the nondeveloping VM, the amount of midlevel and low-level developing VM tracks crossing Central America are similar, suggesting that the terrain affects the developing VM less than the nondeveloping VM (Figs. 6b,d ).
There is a strong contrast in VM strength between the southwest Caribbean and EPAC. This is probably related to the frequent occurrence of potential vorticity gradient reversals, which are associated with flow instability, over the western Caribbean and EPAC (Molinari and Vollaro 2000) . The flow instability would strengthen the wave-scale circulation and likely the embedded VM as well.
b. Track densities
The northern (north of Ϸ15°N) and southern (8°-12°N) preferred tracks leaving Africa are readily seen on the track density plots (Figs. 7a,b) . Developing VM leave Africa along (slightly north of) the southern preferred track at low levels (midlevels; Figs. 7b,d) . In Figs.  7b,d , only the developing pre-VM are included.
The track density plots can be used to quantify differences between the mid-and low-level VM occurrences. These differences are pronounced in the northern preferred track. The low-level northern track density falls below 20 in the central Atlantic and Gulf (Fig.  7a) . In contrast, the midlevel, nondeveloping track density is above 25 from the African coast to Hispañiola (Fig. 7c) . From Hispañiola west to the Gulf of Mexico it is still above 20.
In general, the northern preferred track densities are higher for midlevel nondeveloping VM than for lowlevel nondeveloping VM. The midlevel nondeveloping track density reaches a maximum of 37 at 21.25°N, 41.25°W (Fig. 7c) . At the same location, the low-level nondeveloping track density is only 16 (Fig. 7a) . While off the African coast and near 75°-80°W the midlevel and low-level nondeveloping track densities are similar (Figs. 7a,c) , this represents only a small portion of the northern preferred track. In contrast, throughout the southern preferred track the track densities of nondeveloping VM are similar for low-level and midlevel VM (Figs. 7a,c) . The minimum in track density over the southern half of the Caribbean and Central America suggests that the EPAC VM are generally independent of the Atlantic VM. This is true for the developing pre-VM as well (Figs. 7b,d ). Nevertheless, this does not imply that larger-scale easterly waves do not cross Central America. On the contrary, of the 48 EPAC tropical cyclones that the NHC has traced to waves east of the Caribbean, 43 could be tracked back across Central America in ERA-40 (Table 1) .
c. Genesis productivity
Defining the genesis productivity as the percentage of nontropical cyclone (nondeveloping combined with developing) pre-VM that eventually develop allows the regional variability of productivity to be quantified. For example, Fig. 8a is constructed by dividing the track densities in Fig. 7b by the sum of those in Figs. 7a,b , then converting to a percentage.
The EPAC ITCZ is the region with the highest genesis productivity: up to 50% of nontropical cyclone VM eventually develop there (Fig. 8) . In the Atlantic, the highest genesis productivity occurs near 15°N, 45°W. That location is between the southern and northern tracks, but it is a relative maximum in developing pre-VM track density (Figs. 7b,d ).
d. African and EPAC VM
The low-level (midlevel) nondeveloping VM have a median lifetime of 4.25 days (4.75 days). This is not long enough to cross the entire Atlantic. It is very rare for a single VM to propagate along the entire length of either the northern or southern preferred track.
The tracks of the low-level VM leaving Africa tend to end in the central to eastern Atlantic (Fig. 9) . Out of 145 tracks passing through the box in Fig. 9 , only 34 reach 60°W, and 12 of these are developing VM. None of the VM tracks leaving Africa reach EPAC for the 4 yr of study. [Track density plots for 2001 (not shown) do show two distinct tracks though the existence of two distinct tracks is not obvious in Fig. 9d.] Also, almost all of the EPAC VM originate in EPAC south of 10°N, southwest of Central America (Fig. 10) . This is true even for the developing VM. Of 111 tracks passing through the box in Fig. 10 , only 11 originate east of Central America, and 9 of these originate in the southwest Caribbean. The year 2000 has the largest number of VM (i.e., 5) crossing from the southwest Caribbean to EPAC. The year 2000 is the most active EPAC hurricane season considered in this study with 17 named storms. The strength of upstream waves is an important factor in EPAC cyclogenesis (Molinari et al. 2000) . It is possible that the waves reaching Central America in 2000 were stronger than the other years, and for stronger waves it is more likely for a VM to remain coherent. Figure 11a shows a concentration of nondeveloping VM with high DGP extending 20°off the African coast. Nondeveloping VM with high DGP also occur in the central Atlantic from 10°to 20°N as well as in the southwest Caribbean, Gulf of Mexico, and EPAC (Fig.  11a) .
Tropospheric mean vertical structure
The largest concentration of VM with low DGP (Ͻ5 ϫ 10 Ϫ6 s
Ϫ1
) is in a wide swath from the subtropical mid-Atlantic, westward to the islands of Cuba and Hispaniola, including part of the region of study of Riehl (1945 Riehl ( , 1954 Fig. 11a) . DGP is dramatically lower there than in the GATE region off of Africa. The genesis productivity is highest north of 10°N, where the developing VM have stronger upper anticy- clones and higher DGP. There is a strong gradient in the DGP near 10°N (Fig. 11a) , corresponding with the area of highest track density of nondeveloping VM (Fig. 7a) . The strong gradient is also present in 200-hPa vorticity (Fig. 11d) . Such a gradient does not appear, however, at 925 hPa (not shown). The major factor contributing to the low DGP south of 10°N is the relatively low (less negative) upper-level anticyclonic vorticity there.
The DGP of developing pre-VM is not noticeably higher than it is for nondeveloping VM in the same area (Figs. 11a,b) . Why is this the case, given that previous studies have shown that DGP is the strongest discriminator between developing and nondeveloping distur- FIG. 10 . As in Fig. 9 , but for the box drawn over EPAC.
bances (McBride and Zehr 1981; Perrone and Lowe 1986; Hennon and Hobgood 2003) ? This issue is expanded on in the discussion below.
Discussion
Easterly waves are often associated with multiple VM, especially off the African coast. It is common for an easterly wave to have a southern and northern VM associated with it while leaving Africa (e.g., the 31 August wave in Fig. 4 ). This is consistent with Fink et al. (2004) , who found that the northern and southern vortices in GATE tend to move westward together. The northern and southern preferred tracks are distinguishable because of different dynamics north and south of the AEJ (Chen 2006) . Nevertheless, the northern and southern vortices are often part of the same larger-scale wave. While AEWs readily cross the Atlantic and play a vital role in EPAC cyclogenesis (Frank and Clark 1980; Avila and Pasch 1992; Molinari and Vollaro 2000) , VM within the waves typically form and dissipate every few days. The VM leaving Africa usually do not persist long enough to cross the Atlantic, though waves can be readily tracked across the Atlantic. The EPAC VM overwhelmingly originate within EPAC rather than crossing from the Caribbean, though this does not preclude the passage of larger-scale waves across Central America. A dynamic explanation for the creation of new VM in the lee of the terrain of Central America has been given by Zehnder (1991 ), Zehnder and Raymond (2002 ), and Zehnder et al. (1999 . The concentration of low-level vorticity (coupled with convection) is more fundamentally relevant to cyclogenesis than the presence of the easterly waves themselves.
It is important to distinguish between the large-scale wave, which may prime the environment for genesis, and the VM within the wave, which evolve into the cyclone Simpson et al. 1997; Hendricks et al. 2004; Reasor et al. 2005) . This is especially true as more and more studies are relying on VM tracks in objective analyses and climate models (Bengtsson et al. 1995 (Bengtsson et al. , 2007 . We further note that in the raw vorticity field there are often several "bull'seye" maxima contributing to a single filtered/smoothed VM. The raw ERA-40 vorticity field is even more complex than the filtered/smoothed field used for tracking in this study.
For 1967-79, the NHC counts on average 104 Atlantic disturbances (i.e., waves, ITCZ disturbances, and reflections of upper troughs) per year with 8% of them becoming named storms (Frank and Clark 1980) . For 1967-97 the NHC tracks on average 61 easterly waves per year with 10% of them developing ). These total disturbance-wavenumbers are a third to half of the number of VM tracked per year in this study. One of the major differences is that in this study the EPAC VM are found to be independent of the Atlantic VM, so that they have been counted separately. Furthermore, this study includes many subtropical VM (in addition to the VM in the northern preferred track leaving Africa) that are not likely candidates for genesis and would probably not have been counted by the NHC.
The disagreement in the fraction of waves that develop in this study (15%) compared with the long term fraction (10%) is probably due to interannual variability. In fact, for the 1998-2001 seasons 17%, 19%, 16%, and 14% of Atlantic tropical waves, respectively, developed Lawrence et al. 2001; Franklin et al. 2001; Beven et al. 2003) . These numbers compare more favorably with the 15% of all VM developing in this study. Furthermore, the fraction of developing cloud clusters obtained by Hennon and Hobgood (2003) for 1998-2000 (16%-18%) is similar to the fraction of developing VM in this study. This is despite the differences in the cloud-cluster and VM definitions. The fraction of VM that eventually develop is significantly higher in the most favorable regions (Fig. 7) .
In EPAC genesis productivity reaches a maximum of 50% compared with 30% in the central Atlantic. EPAC is characterized by a monsoon trough circulation with mean 850-200-hPa shear (averaged from 2°to 8°cen-tered on the location of highest productivity) of 10-12 m s
Ϫ1
. In contrast, the Atlantic high-productivity region (between the southern and northern preferred tracks) is much more hostile to cyclogenesis, with a mean trade wind flow and mean shear of 14-16 m s
. The geographical separation between the maximum density of developing pre-VM and nondeveloping VM (Fig. 7) contributes to the maximum in productivity in the Atlantic. If this geographical separation holds in operational analysis, it can be exploited to improve statistical genesis prediction. At any rate, the climatological genesis probability of VM would probably be more useful in a linear statistical prediction model than just the geographical latitude and longitude. It can also be used as a basis to assess forecast skill. It has been documented that EPAC is the most concentrated genesis region on the planet (Gray 1968 ), but it is remarkable that up to half of the VM there eventually develop into tropical cyclones.
The VM south of 10°, where nondeveloping track densities are highest (Fig. 7a) , have significantly smaller DGP (Fig. 11) than farther north. Upper anticyclones tend to be weaker south of 10°N. This may play an important role in suppressing cyclogenesis south of 10°N in the Atlantic, in addition to the greater potential to stretch the planetary vorticity farther away from the equator. An interesting question is whether this gradient occurs at low latitudes in the western Pacific, where tropical cyclones are known to form at lower latitudes (Gray 1968) .
DGP does not discriminate between developing and nondeveloping VM as well as it does between developing and nondeveloping cloud clusters. For example, in McBride and Zehr (1981) the mean developing cloud cluster DGP (taken from 0°to 6°) is more than 3 times the nondeveloping cluster DGP. In contrast, little difference between developing and nondeveloping DGP can be discerned in Figs. 11a,b . The discrepancy is probably due to the different definitions of a "disturbance." The identification of a cloud cluster is based on infrared satellite images. There is no guarantee of significant large-scale, low-level cyclonic vorticity. In contrast, VM are guaranteed to have significant vorticity. Of course, many VM are not associated with widespread convection. The VM without convection are not likely to develop regardless of how high the vorticity is. Similarly, cloud clusters without enhanced cyclonic vorticity are not likely to develop regardless of how much convection there is. When looking at maps of ERA-40 relative vorticity and IR brightness temperatures, it is obvious that there are both VM without any convection and cloud clusters without any significant vorticity (according to ERA-40) nearby. The cloud-cluster and the VM definitions provide complementary information about the disturbances; however, neither one is complete in itself. Part II attempts to combine the two definitions by distinguishing between VM with widespread convection and VM without widespread convection.
Finally, as a caution, we note that between Ϸ100°and Ϸ70°W the wind shift lines move westward much less coherently than outside of this longitude range (Fig. 4) . Inspection of Hovmöller plots for the entire period of study suggests this is a persistent feature of the lowlevel layer mean ERA-40 meridional wind and not a special feature of the period shown. That the waves are less coherent at low levels in the Caribbean may be a reflection of true weakening of the waves as they move westward. However, another possible factor is that the Caribbean is a region where the ERA-40 assimilation scheme has relatively much more conventional data to ingest. Over the open ocean the strong influence of the model first-guess field may lead to unrealistic representation of the waves there. The assimilation system may create artificial "center jumps" or new VM when the waves reach the vicinity of the radiosonde network in the Caribbean. As an example of this, Reed et al. (1988a) have documented multiple VM in the ECMWF analysis of hurricane Gloria (1985) . As the storm crossed the central Atlantic (at tropical depression/ storm stage) there were very little data, even from cloud-track winds, available for several days, and several artificial center jumps are seen in the analysis.
Conclusions
This paper presents the track climatology and vertical structure, with an eye on differences between developing and nondeveloping VM. Part II (Kerns and Zipser 2008, manuscript submitted to Mon. Wea. Rev.) goes deeper into the statistical differences between the developing and nondeveloping VM for more focused subregions. The following results are consistent with previous knowledge and provide confidence in the climatology of ERA-40 VM tracks:
• There are two preferred tracks leaving Africa. The northern preferred track is north of 15°N, and the southern preferred track is between 8°and 12°N. Developing VM are associated with the southern preferred track.
• The strongest nondeveloping VM (measured by vorticity magnitude and/or by DGP) are just off the African coast. The VM are weaker in the central Atlantic and Caribbean. They are again stronger in the west Caribbean, Gulf of Mexico, and EPAC.
• Mature tropical cyclones (developing post-VM) are noticeably stronger than nondeveloping VM in the same area.
There are also some new findings. Unlike the easterly waves, the VM in ERA-40 are short lived. They form and dissipate every few days as the large-scale wave moves west. Waves often are associated with multiple VM. This is not because the vorticity falls below the tracking threshold and then increases later; the multiple VM occur concurrently and are separated spatially by over 1000 km. It is important to recognize and distinguish between the wave and the VM, rather than treating the multiple VM as merely an obstacle to tracking the waves. The VM within the wave are probably at least as important for cyclogenesis as the wave itself.
The climatological genesis productivity reaches 50% in EPAC and 30% in the Atlantic. In the central Atlantic there is significant geographical separation between the nondeveloping VM and the developing pre-VM. If these results hold for operational analysis, they may be exploited for statistical forecasting and measuring forecasting skill.
There is a swath of weak VM with low DGP extending from the subtropical Atlantic to the Greater Antilles. The low DGP indicates a less pronounced tropospheric mean warm core. This is the region associated with the tropical upper-tropospheric trough.
One effect of the low Coriolis parameter south of 10°N is that the upper anticyclone strength is limited, which in turn limits DGP. The possible role of relatively weak upper-tropospheric anticyclones near the equator for limiting cyclogenesis has not been emphasized in the literature.
For developing pre-VM, the DGP is not noticeably higher than it is for nondeveloping VM in the same area. Previous studies using cloud-cluster tracks have found much greater differences with respect to DGP. A major part of the difference between the importance of NOVEMBER 2008 the DGP in these studies and here is that there is a minimum vorticity requirement in this study, but there is no such requirement when tracking cloud clusters.
The reader is again cautioned not to assume that all of the individual VM, especially nondeveloping VM, are realistic, though for some individual cases the ERA-40 is probably realistic.
